We present a theoretical analysis of the magnetic phase diagram of CeTi 1−x Sc x Ge and GdFe 1−x Co x Si as a function of the temperature and the Sc and Co concentration x, respectively. CeScGe and GdCoSi, as many other RTX (R=rare earth, T=transition metal, X=p-block element) compounds, present a tetragonal crystal structure where bilayers of R are separated by layers of T and X.
Introduction
Several compounds of the RTX (R=rare earth, T=transition metal, X= pblock element) family crystalize in the CeFeSi-type or CeScSi-type structures [1] . These tetragonal structures can be described as stackings of R bilayers separated by layers of T and X. Neutron scattering experiments have found that the magnetically ordered state can generally be described as a stacking of ferromagnetic bilayers coupled ferromagnetically or antiferromanetically between them, depending on the compound [2, 3] .
Among these compounds, CeScGe crystallizes in the CeScSi-type structure and has attracted considerable attention because of its surprisingly large (for Ce compounds) transition temperature T N 47 K [4] . CeTiGe, however, crystalizes in the CeFeSi-type structure and does not present a magnetically ordered state at low temperatures. In recent works, Sereni et al. studied the evolution of the thermodynamic and transport properties of CeTi 1−x Sc x Ge for samples with 0.25 x ≤ 1 [4, 5, 6] . A continuous reduction of T N with decreasing Sc content was observed for x down to ∼ 0.5 and ferromagnetic behavior for lower values of x down to ∼ 0.25 where there is a change in the crystal structure to CeFeSi-type with no magnetic order.
The interest in the RTX family has also been fueled by the large magne- In this work we propose a model to describe the effect of the replacement of the transition metal T by an element in an adjacent column in the periodic table. Based on previous results we assume (see Ref. [8] ) that this T replacement produces a local change in the sign of the inter-bilayer exchange coupling. More precisely, that the main effect in the magnetic interactions when a transition metal atom is replaced, is a change in the sign of the magnetic coupling between the two magnetic moments which are closer to the transition metal atom and in different bilayers.
Model
To analyze the main effects of the transition metal replacement we construct a simplified magnetic model that takes into account the layered structure of the CeScSi-type and CeFeSi-type crystals. The nature of the local magnetic moments can vary widely from one rare earth compound to the other. In CeScGe the transition temperature is high enough (T N ∼ 47 K) that the first excited crystal split doublet of the Ce 4f orbital cannot be ignored for a detailed description [9] . In the Gd compounds the crystal field is generally very small [10, 11] , and an isotropic spin 7/2 describes accurately the physics [12] . Note, however, that a simple de Gennes scaling is nicely followed by the transition temperature for several of the RTX compounds [2] , which signals the possibility of a common description.
In constructing the simplified model we do not attempt to reproduce the precise spin arrangement nor the complexity of the rare earth magnetic moments for each compound, but to account for the main parameters driving the magnetic characteristics. We consider a cubic array of Ising magnetic moments with a first neighbour ferromagnetic coupling J inside thex −ŷ planes and a coupling J ⊥ for nearest neighbours in theẑ direction. For a description of the GdCoSi and CeScGe compounds, J ⊥ is chosen antiferromagnetic which leads to an Atype antiferromagnetic ground state as observed experimentally. To describe the ferromagnetic GdFeSi a ferromagnetic J ⊥ needs to be considered. In agreement with the double exchange mechanism for the magnetic couplings across the TX layer described in the Appendix, we assume that the most relevant effect of the replacement of a T atom in a TX layer is a change in the coupling between the nearest neighbour R 4f magnetic moments to the T ion across the TX layer. For the Co → Fe and the Sc → Ti replacements (which change the parity of the T 3d level occupancy) it can even be associated with a sign change in the interplane coupling J ⊥ (see also Ref. [8] ). For a compound where a proportion x of the T atoms have been replaced, we expect an equal proportion of interplane couplings to change. We assume the replaced T atoms to be randomly distributed throughout the sample which leads to a uniform random distribution in the location of the modified couplings (see Fig. 1 ). 
Ising model
For a cubic lattice with magnetic moments at positions (i, j, k) with i ,j, and k natural numbers in the range [1, L] the model Hamiltonian reads
where S(i, j, k) = {−1, 1} represents an Ising spin, ∆ is a Zeeman energy splitting due to an external magnetic field, , indicates nearest neighbors and J ⊥ (i, j, k) can take two different values: J ⊥ 1 with probability x and J ⊥ 2 with probability 1 − x. For fixed J ⊥ (i, j, k) the model can be analyzed as a function of the temperature using Monte Carlo simulations.
Results
We first perform a mean field analysis averaging over disorder realizations of the couplings. This leads to a uniform
x c the ground state changes from FM to A-type AFM. In what follows we take J ⊥ 2 = 4J < 0 1 and J ⊥ 1 = −3J ⊥ 2 which leads to x c = 0.25. The magnetic transition temperature in the mean field approximation is given by
which for x ≤ x c is a Curie temperature to a ferromagnetic ground state and for x > x c corresponds to a Néel temperature. 1 We obtained qualitatively similar results for different values of the ratio between J ⊥ 2 and J . 
Conclusions
We presented a minimal model to describe the magnetic properties of The similarity of the model presented to the Anderson model (see e.g. Ref.
[13]), which presents a spin glass phase, suggests that this type of physics could 
Appendix: simplified model for the interplane R-R exchange coupling
We present here a simplified local model for the exchange coupling of nearestneighbouring R magnetic moments in different bilayers. As discussed for R=Gd compounds in Ref. [8] , the most relevant effect in the magnetic couplings when the transition metal is replaced (Ti → Sc or Fe → Co), is a significant modification, that can even lead to a sign change, of the exchange couplings between the magnetic moments of nearest-neighbour Gd 3+ ions in different bilayers. A DFT analysis indicates an important overlap of the T 3d, Gd 5d and X p wavefunctions, which leads to an indirect magnetic exchange mechanism via delocalized 5d rare earth electrons [14] (see also Ref. [12] ). Additionally, the R 4f electrons couple with the R 5d conduction electrons with a magnetic exchange coupling J f d and the almost empty R 5d orbitals have a small hybridization with the partially occupied transition metal d orbitals.
With these ingredients we construct simplified model to describe qualitatively the behavior of interlayer exchange coupling. We consider two R ions (1 
where c † α,σ (d † σ ) creates an electron with spin projection σ = ± along the z-axis on the R 5d (T 3d) effective orbital. The model can be readily diagonalized and for, a single electron occupancy, to lowest order in t and δ:
where we have assumed that t is a small parameter. This corresponds to a ferromagnetic interaction.
For an occupancy of two electrons there is a qualitative change. The two electrons are antiparallel to satisfy Pauli exclusion principle and the minimal energy for the conduction band electrons is obtained when the R 4f magnetic moments are antiparallel. This leads to an effective antiferromagnetic exchange coupling between the R magnetic moments in adjacent planes.
